The neuronal glutamate transporter, EAAC1 (excitatory amino acid carrier 1), undergoes rapid regulation after treatment with platelet-derived growth factor (PDGF) or phorbol ester in C6 glioma cells and neurons. A large intracellular pool of EAAC1 exists, from which transporters are redistributed to the cell surface in response to these signals. Here we show that PDGF had no effect on subcellular localization of the glial glutamate transporter, GLT-1, after transfection into C6 glioma cells. Chimeras consisting of domains from EAAC1 or GLT-1 were used to investigate structural motifs involved in PDGF-dependent redistribution of EAAC1. PDGF did not induce trafficking of an EAAC1 chimera containing the carboxyl-terminal domain of GLT-1; however, it did induce trafficking of a GLT-1 chimera containing the carboxyl-terminal domain of EAAC1. A truncated mutant of EAAC1 lacking 10 carboxyl-terminal amino acids was responsive to PDGF, whereas a mutant lacking 20 residues was not. Alanine substitution mutagenesis in this region revealed a short motif, 502 YVN 504 , necessary for regulated trafficking. This motif was also involved in protein kinase C-dependent trafficking, as mutant transporters exhibited an attenuated response to phorbol ester. Interestingly, the presence of YVN in the homologous region of a nonresponsive chimera was not sufficient to confer regulated trafficking; however, the presence of a 12-amino acid motif starting at this Tyr residue was sufficient to confer responsiveness to PDGF. These studies identify a novel motif within the carboxyl terminus of EAAC1 which is required for regulated trafficking. The possibility that this motif targets EAAC1 to an intracellular, "regulated pool" is discussed.
sin-EDTA, L-glutamine, and penicillin-streptomycin were purchased from Invitrogen. Fetal bovine serum was obtained from Hyclone (Logan, UT). GenePorter transfection reagent was purchased from Gene Therapy Systems (San Diego, CA). Bovine serum albumin and PMA were purchased from Sigma. PDGF was purchased from Calbiochem. N-hydroxysulfosuccinimidobiotin (NHS-biotin), UltraLink immobilized monomeric avidin, and bicinchoninic acid (BCA) protein assay kit were purchased from Pierce. Protein G-agarose beads were from Invitrogen.
Rabbit polyclonal anti-actin and anti-Myc epitope antibodies were purchased from Sigma. Mouse monoclonal anti-Myc epitope antibody was purchased from Clontech (Palo Alto, CA). Mouse monoclonal antihemagglutinin (HA) antibody (clone 12CA5) was obtained from Roche Applied Science. Rabbit polyclonal anti-phosphotyrosine, mouse monoclonal anti-phosphotyrosine, and rabbit polyclonal anti-PDGF receptor ␤ antibodies were purchased from Upstate Cell Signaling Solutions (Lake Placid, NY). Rabbit polyclonal anti-EAAC1 and GLT-1 antibodies were the generous gift of Dr. Jeffrey D. Rothstein (9) . Rabbit polyclonal anti-interleukin-2 receptor (Tac) antibody was purchased from Santa Cruz Technology (Santa Cruz, CA). Anti-rabbit and antimouse horseradish peroxidase IgG, rainbow molecular weight marker, and enhanced chemiluminescence kits (ECL) were obtained from Amersham Biosciences. Immobilon P (polyvinylidene fluoride membrane) was purchased from Millipore (Bedford, MA).
Cell Culture-C6 glioma were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin in 5% CO 2 at 37°C. Cells were used up to passage 60, and no gross morphological changes or changes in experimental effects were observed resulting from passage number.
Generation of Mutant Transporters-Chimeric glutamate transporters were constructed previously using cDNAs encoding GLT-1 and EAAC1 rat transporter subtypes (21) . Myc-EAAC1 plasmid was constructed by subcloning full-length rat EAAC1 (amino acids 1-523) into the pCMV-Myc plasmid from Clontech, using XhoI and EcoRI restriction sites. Myc-EAAC1 truncated mutants were created by PCR amplification and subcloning into the pCMV-Myc plasmid, with Asp 513 as the last amino acid of Myc-EAAC1⌬10 (amino acids and Val 503 as the last amino acid of Myc-EAAC1⌬20 (amino acids 1-503). Amino acid substitution mutants were created using the QuikChange site-directed mutagenesis kit from Stratagene (La Jolla, CA) and pCMV-Myc-EAAC1 or EEEG chimera templates. All sequences were verified by sequencing at the molecular biology core at the Children's Hospital of Philadelphia.
Transient Transfection of C6 Glioma Cells-C6 cells were grown to 50 -60% confluence in 10-cm plates before the introduction of cDNA plasmids with a cationic lipid-based procedure, GenePorter. Cells were transfected with 6 -10 g of cDNA mixed with 30 -50 l of GenePorter in a 1 g:5 l ratio, ϳ18 h prior to experimental use.
Biotinylation of Cell Surface Transporters-C6 cells were serumstarved in Dulbecco's modified Eagle's medium containing 0.5% bovine serum albumin for 2 h prior to treatment with vehicle, PDGF (20 ng/ml), or PMA (100 nM). Cell surface proteins were then biotinylated as described previously (17, 18) . Briefly, cell monolayers were rinsed twice with ice-cold PBS, pH 7.35, containing 0.1 mM CaCl 2 and 1.0 mM MgCl 2 . The cells were then incubated in 2 ml of biotinylation solution (1 mg/ml NHS-biotin in PBS Ca/Mg) for 25 min at 4°C with gentle agitation. The solution was aspirated, and excess biotin was quenched by incubating the cells with PBS Ca/Mg containing 100 mM glycine for 25 min at 4°C with gentle shaking. Cells were then lysed in 1 ml of radioimmunoprecipitation assay buffer containing protease inhibitors (1 g/ml leupeptin, 250 M phenylmethanesulfonyl fluoride, 1 g/ml aprotinin, and 1 mM iodoacetamide) and phosphatase inhibitors (10 mM sodium fluoride, 30 mM sodium pyrophosphate, and 1 mM sodium orthovanadate). After removal of cellular debris by centrifugation, biotinylated proteins were batch extracted using UltraLink immobilized monomeric avidin (avidin beads). SDS-PAGE loading buffer was added to cell lysate, biotinylated proteins (cell surface proteins), and nonbiotinylated proteins (intracellular proteins). Each of these fractions was diluted and loaded such that the sum of immunoreactivity in the nonbiotinylated and biotinylated fractions should equal the immunoreactivity found in the lysate, if the yield from avidin extraction is 100%.
Measurement of Na ϩ -dependent Transport Activity-Transport activity in C6 glioma was measured in 12-well plates as described previously (22) . After preincubation with PDGF, C6 cells were assayed in a 37°C water bath. Wells were rinsed twice with either 1 ml of warm Na ϩ -or choline-containing buffer and then incubated with 0.5 M L-[ 3 H]glutamate for 5 min. These washes and incubation period result in a 10-min delay between the end of treatment with PDGF and conclusion of the measure of transporter activity. After stopping uptake of radioactive glutamate, the cells were solubilized, and samples were taken for analysis of radioactivity in a scintillation counter. Na ϩ -dependent uptake was calculated as the difference in radioactivity accumulated in the presence and absence of Na ϩ .
Immunoprecipitation-After treatment, C6 cells were washed twice with PBS Ca/Mg and then lysed in 1 ml of radioimmunoprecipitation buffer containing protease and phosphatase inhibitors (listed above). Lysates were precleared by shaking with 40 l of protein-G agarose beads at 4°C for 1 h, and then 450 g of cell lysate protein was mixed overnight at 4°C with 4 g immunoprecipitation antibody (mouse monoclonal anti-Myc, rabbit polyclonal anti-EAAC1, mouse monoclonal anti-phosphotyrosine, or rabbit polyclonal anti-phosphotyrosine) or 4 g of rabbit or mouse IgG. Proteins were precipitated by incubating with 25 l of protein-G agarose beads for 2 h at 4°C. Immunocomplexes were washed four times with radioimmunoprecipitation buffer and solubilized at 95°C for 5 min in 25 l of SDS sample buffer.
Western Blot Analysis-Proteins were resolved on 8% SDS-polyacrylamide gels, transferred to polyvinylidene fluoride membranes, and blocked for 1 h in TBS-T (50 mM Tris, pH 8.0, 150 mM NaCl, 0.2% Tween 20) containing 1% nonfat dry milk. Membranes were then probed with the appropriate primary antibody: anti-EAAC1 (1:75), anti-GLT-1 (1:10,000), anti-actin (1:5,000), anti-HA (1:500), monoclonal anti-Myc (1:500), polyclonal anti-Myc (1:1,000), or anti-PDGF receptor (1:1,000). Membranes were washed and then incubated with anti-rabbit or anti-mouse horseradish peroxidase IgG (1:5,000). Protein bands were visualized with ECL.
Immunoreactivity was quantified using NIH Image software. We routinely see an immunoreactive band at ϳ66 kDa, which corresponds to EAAC1 monomer, and a band at ϳ218 kDa, which corresponds to EAAC1 multimer (16, 23) . Within each fraction, the optical densities of both monomer and multimer bands were summed and used to quantitate EAAC1 immunoreactivity. Quantitation of the monomer band alone yielded similar results. Transporter immunoreactivity in each fraction (lysate, cell surface, or intracellular fraction) was normalized to the amount of actin in the lysate fraction. The amount of transporter observed in a fraction was expressed as a percentage of transporter in the corresponding control (vehicle) fraction. Actin immunoreactivity was used both as a loading control and to ensure that cells were intact during the biotinylation procedure. Experiments in which biotinylated actin was greater than 30% (consistent with cell lysis) were excluded.
Based on this criterion 7 of 163 experiments were excluded. In four experiments the control construct, Myc-EAAC1, did not respond to PDGF; therefore results for all constructs tested in those experiments were not included. Data are presented as the means Ϯ S.E. and compared using one-way ANOVA with Bonferroni post hoc analysis or paired t test. These tests were employed to compare the effect of PDGF on chimeric/mutant transporters to the effect of PDGF on wild-type transporters. In addition, for each construct we compared the effects of PDGF (as a percentage) with the effects of vehicle (100%) using a onesample t test.
RESULTS

Time Course of Effects of PDGF on EAAC1 Activity and Cell Surface
Expression-Previously, we have shown that treating C6 glioma with PDGF results in an increase in Na ϩ -dependent transport activity. This is associated with an increase in EAAC1 at the cell surface, as assessed by biotinylation and Western analysis (16) . The central nervous systemderived C6 glioma cell line is an attractive system to study EAAC1 in isolation because it expresses EAAC1 but none of the other glutamate transporter subtypes (18) . In past experiments, L-[ 3 H]glutamate transport and EAAC1 cell surface immunoreactivity were measured after a 30-min treatment with PDGF; however, other time points were not tested. To determine when the effect of PDGF on EAAC1 was maximal, C6 cells were treated with PDGF for different times, and cell surface expression was measured by biotinylation and Western analysis. Treatment with vehicle alone had no effect on cell surface expression of EAAC1 at any time point (data not shown). PDGF increased cell surface expression of EAAC1 maximally (178 Ϯ 17% of control) at 15 min (Fig.  1, A and B) . PDGF increased glutamate transport activity maximally (183 Ϯ 2% of control) at 5 min (Fig. 1C) ; however, multiple washes and a 5-min incubation period with radioactive glutamate resulted in a 10-min delay between the end of treatment with PDGF and conclusion of the measure of transporter activity. Therefore, the maximal increases occur at similar times, and subsequent biotinylation experiments were conducted after 15 min of treatment. Myc-EAAC1 33 Ϯ 4 150 Ϯ 10 (6) EEEG (2) 49 Ϯ 6 9 5 Ϯ 9 (6) EEEG (5) 55 Ϯ 1 8 7 Ϯ 7 (4) EEEG (7) 52 Ϯ 3 109 Ϯ 10 (6) EEEG (10) 50 Ϯ 3 121 Ϯ 8 (6) 
PDGF Stimulation Has a Differential Effect on EAAC1 and GLT-1-
Although the effects of PDGF on EAAC1 are well documented, it was unknown whether PDGF affects the astroglial glutamate transporter, GLT-1. To determine the effect of PDGF on GLT-1, C6 cells were transiently transfected with a cDNA clone encoding GLT-1, and cell surface expression was assessed by biotinylation and Western analysis. Approximately 80% of GLT-1 was localized to the plasma membrane in the basal state (Table 1) , and there was no increase in cell surface GLT-1 immunoreactivity with PDGF treatment (99 Ϯ 6% of control) (Fig. 2 , A and C). In additional experiments, 30% of endogenous EAAC1 was located at the cell surface in the basal state (Table 1) , and PDGF increased cell surface expression of EAAC1 to 148 Ϯ 4% of control (Fig. 2 , B and C), in agreement with past studies (16, 17) . Therefore, in contrast to its effects on EAAC1, PDGF had no effect on subcellular localization of GLT-1.
The Carboxyl Terminus of EAAC1 Is Necessary for PDGF-induced Redistribution-Based on the recent elucidation of the crystal structure of a prokaryotic glutamate transporter homolog (24) , these glutamate transporters are thought to contain eight membrane-spanning domains, with cytoplasmic amino and carboxyl termini. The mammalian members of this family share 50 -60% sequence similarity (for review, see Ref. 8) , suggesting that the differential effect of PDGF could be related to differences in primary structure of these transporters. Therefore, the differential effect of PDGF was used to define motifs of EAAC1 involved in PDGF-induced redistribution. In an earlier study, chimeras consisting of domains originating from EAAC1 or GLT-1 ( Fig.  3A) were used to identify structural motifs required for PMA-induced regulation of GLT-1 (21) . Chimeras containing the carboxyl terminus of EAAC1 were tagged with an HA epitope to distinguish them from endogenously expressed EAAC1. Because PDGF had no effect on cell surface expression of GLT-1, substitution of an EAAC1 domain with an equivalent domain of GLT-1 allowed us to determine whether that EAAC1 domain was necessary for PDGF-dependent translocation. C6 glioma were transfected with cDNAs encoding chimeric transporters, and trafficking was assessed by biotinylation of cell surface proteins and Western analysis. PDGF increased cell surface expression of HA-EAAC1 to 160 Ϯ 12% of control ( Fig. 3D) , indicating that the HA tag did not interfere with this regulated trafficking of EAAC1. One problem we confronted is that C6 cells display a robust cross-reacting band to the HA antibody, which is directly above the transporter monomer band; however, we were able to resolve the HA-transporter monomer and multimer bands from this cross-reacting band. An untransfected lysate sample was always run in an adjacent lane to confirm the difference between the cross-reacting band and transporter bands. Similarly to GLT-1, all chimeras containing GLT-1 domains displayed a higher percentage of transporters at the cell surface in the basal state (Table 1) . However, there was intracellular transporter available for redistribution. Initially, multiple chimeras were analyzed; for instance, HA-EEGE responded to PDGF similarly to EAAC1 (data not shown). However, the focus was soon switched to EEEG because of the apparent difference in response to PDGF compared with EAAC1. PDGF had no effect on cell surface expression of EEEG (98 Ϯ 5% of control), which differed significantly from the percent change at the cell surface of endogenous EAAC1 or transfected HA-EAAC1 (Fig. 3, B and D) . Therefore, residues within the 37 carboxyl-terminal amino acids of EAAC1 are required for PDGF-dependent redistribution. The reciprocal chimera, HA-GGGE, consists of three GLT-1 domains and the carboxyl terminus of EAAC1. PDGF increased cell surface expression of HA-GGGE to 139 Ϯ 10% of control (Fig. 3 , C and D), which was not significantly different from the PDGF-induced increase in cell surface EAAC1 or transfected HA-EAAC1. Therefore, the 37 carboxyl-terminal residues of EAAC1 are sufficient to confer PDGF-stimulated trafficking to another member of this transporter family. of results of a minimum of four independent experiments (mean Ϯ S.E.). ** p Ͻ 0.01 compared with percent change in cell surface expression of EAAC1 caused by PDGF (one-way ANOVA with Bonferroni post hoc analysis). ### p Ͻ 0.001 compared with cell surface expression of EAAC1 in vehicle-treated cells (one-sample t test). PDGF had no significant effect on GLT-1 cell surface expression (one-sample t test). For GLT-1 experiments, the percentage of biotinylated actin in untreated controls was 16 Ϯ 3% and did not change with treatment. For EAAC1 experiments, the percentage of biotinylated actin in untreated controls was 7 Ϯ 5% and did not change with treatment.
Amino Acids Asn
504 -Asp 513 Are Required for PDGF-dependent Redistribution-Truncated mutants of EAAC1 were prepared to focus on the carboxyl terminus of EAAC1. These mutants were tagged with the Myc epitope because C6 glioma lysates did not display cross-reacting bands with the Myc antibody (Fig. 4A ). C6 cells were transfected with Myc epitope-tagged EAAC1, lacking either the last 10 (Myc-EAAC1⌬10) or the last 20 (Myc-EAAC1⌬20) amino acids (Fig. 5A) . PDGF-stimulated trafficking was assessed by biotinylation and Western analysis. PDGF increased Myc-EAAC1⌬10 at the cell surface to 155 Ϯ 9% of control (Fig. 4, B and D) ; therefore, the last 10 amino acids of the carboxyl terminus (514 -523) are not required for this redistribution. In contrast, PDGF did not increase Myc-EAAC1⌬20 cell surface expression (88 Ϯ 8% of control; Fig. 4, C and D) , demonstrating that amino acids Asn 504 -Asp 513 are necessary for PDGF-stimulated trafficking. To determine whether this motif is specific for PDGF or more broadly required for regulated redistribution, the effects of PMA on truncated transporters were assayed. In past studies, PMA increased EAAC1 cell surface expression nearly 2-fold within 15 min (17) . Likewise, we found that PMA increased cell surface expression of Myc-EAAC1⌬10 to 222 Ϯ 15% of control, indicating that the last 10 residues are not required for the PMA-stimulated increase in cell surface expression (Fig. 4E) . Interestingly, the PMA-induced increase in cell surface expression of Myc-EAAC1⌬20 was significantly attenuated (125 Ϯ 11% of control) compared with the increase in Myc-EAAC1⌬10. However, one observation not easily explained is that PMA appeared to increase the amount of transporter in the lysate for all of the Myc-EAAC1 constructs. The increase was not specific to any mutant transporter (Figs. 4E and 5E) and was not observed in parallel experiments using PDGF treatment. It is unlikely that this effect resulted from new protein synthesis and maturation of the transporter because this would likely require more than 15 min. One possibility is that PMA increased the yield during preparation of the lysate. After biotinylation, cellular debris is cleared by centrifuging the lysate and removing the pellet. When the sample was sonicated before centrifugation the pellet was virtually eliminated, meaning transporter that may have been lost in the pellet before should now be incorporated in the sample. However, the increase in transporter in the lysate fraction with PMA treatment was still observed (data not shown). Another possibility is that PMA increases the immunoreactivity of the Myc epitope because it contains two serine residues that could theoretically be modified by PKC activation. To control for increased transporter immunoreactivity in the lysate, the cell surface fraction was also normalized to the amount of transporter in the lysate. When the cell surface fractions were normalized for Myc immunoreactivity in the lysate, PMA increased cell surface expression of Myc-EAAC1⌬10 to 157 Ϯ 13% of control but did not increase Myc-EAAC1⌬20 cell surface expression (99 Ϯ 13% of control), which was significantly different from Myc-EAAC1⌬10 (p Ͻ 0.01, one-way ANOVA with Bonferonni post hoc analysis). Therefore the results were similar regardless of the normalization method. Thus, it appears that ) was further analyzed using alanine screening mutagenesis. In addition, because a tyrosine residue is located two amino acids upstream of the end of Myc-EAAC1⌬20 (Fig. 5A) , and there is the theoretical possibility that terminating the transporter at this point could disrupt normal function of these residues, these two residues, FIGURE 4. Effects of PDGF or PMA on cell surface expression of Myc-tagged, truncated EAAC1. A, untransfected or Myc-EAAC1-transfected cell lysates were prepared and probed with Myc antibody. B, C6 cells were transfected with truncated Myc-EAAC1 cDNAs 18 h prior to PDGF (20 ng/ml) or PMA (100 nM) treatment for 15 min. After treatment, cell surface proteins were biotinylated and batch extracted with avidin beads at 4°C, as described under "Experimental Procedures." Cellular fractions were analyzed by Western blot. A representative Western blot probed with Myc and actin antibodies shows the effects of PDGF or PMA on Myc-EAAC1⌬10 cell surface expression. C, representative Western blots probed with Myc and actin antibodies; notice that PDGF had no effect on Myc-EAAC1⌬20 cell surface expression. Intracellular and biotinylated fractions were run on the same gel, whereas lysate fractions were run on a second gel. D, summary of results of six independent experiments (mean Ϯ S.E.). *** p Ͻ 0.001 compared with percent change in cell surface expression of Myc-EAAC1⌬10 caused by PDGF (one-way ANOVA with Bonferroni post hoc analysis). ## p Ͻ 0.01 compared with cell surface expression of Myc-EAAC1⌬10 in vehicle-treated cells (one-sample t test). E, summary of results of five independent experiments (mean Ϯ S.E.). *** p Ͻ 0.001 compared with percent change in cell surface expression of Myc-EAAC1⌬10 caused by PMA (one-way ANOVA with Bonferroni post hoc analysis). ## p Ͻ 0.01 compared with cell surface expression of Myc-EAAC1⌬10 in vehicle-treated cells (one-sample t test). Neither PDGF nor PMA had a significant effect on Myc-EAAC1⌬20 cell surface expression compared with vehicle-treated cells (one-sample t test). For Myc-EAAC1⌬10, the percentage of biotinylated actin in untreated controls was 14 Ϯ 5% and did not change with treatment. For Myc-EAAC1⌬20, the percentage of biotinylated actin in untreated controls was 15 Ϯ 5% and did not change with treatment.
Tyr 502 and Val 503 , were also included in this screen. Using alanine substitution mutagenesis, groups of three sequential amino acids were mutated to alanine in wild-type Myc-EAAC1. C6 glioma were transfected with Myc-EAAC1 or Myc-tagged AAA mutant transporters, and trafficking was assessed by biotinylation followed by Western analysis. The Myc tag did not interfere with stimulated trafficking, as PDGF increased cell surface expression of Myc-EAAC1 to 142 Ϯ 10% of control (Fig. 5, B and D) . The effects of PDGF on AAA mutant transporters were always measured in parallel with the effect of PDGF on wild-type Myc-EAAC1. PDGF increased cell surface expression of Myc-EAAC1(GGF-AAA) to 163 Ϯ 18% of control (Fig. 5D) 513 to AAA appears to have slightly attenuated the PDGF-induced increase in transporter at the cell surface (Fig. 5D) , neither was significantly different from Myc-EAAC1, and PDGF significantly increased surface expression compared with vehicle. Interestingly, when 502 YVN 504 was mutated to AAA, PDGF had no effect on cell surface expression of the transporter (98 Ϯ 10% of control; Fig. 5, C and D) , revealing amino acids 502 YVN 504 as critical for PDGFstimulated trafficking. We also tested whether this motif is specific for PDGF, or whether these residues are involved in PKC-stimulated trafficking of EAAC1 as well. PMA only increased cell surface expression of Myc-EAAC1(YVN-AAA) to 161 Ϯ 14% of control (Fig. 5E ), which was significantly attenuated compared with the increase in Myc-EAAC1 in parallel experiments (216 Ϯ 14% of control). Thus it appears these residues are also involved in PKC-induced trafficking of EAAC1. However, PMA increased Myc-EAAC1(YVN-AAA) at the cell surface above basal levels; therefore additional residues are probably involved in PKC-dependent regulation of EAAC1. for PDGF-stimulated trafficking of EAAC1 was explored. Phosphorylation of tyrosine within this motif could provide a functional link between PDGF receptor activation and transporter translocation. For instance, studies on the GABA transporter, GAT1, have provided strong evidence that phosphorylation of two tyrosine residues in GAT1 is required for the substratemediated increase in GAT1 at the cell surface, although in this case the increase results from decreased endocytosis (25) . Possible PDGF-induced tyrosine phosphorylation of EAAC1 from untransfected or transfected C6 glioma was investigated using immunoprecipitation experiments. Initially, phosphorylation of endogenous EAAC1, Myc-EAAC1, or Myc-EAAC1(YVN-AAA) was measured after PDGF treatment by immunoprecipitating transporter and probing blots with anti-phosphotyrosine. Although reprobed blots indicate that EAAC1 (n ϭ 1), Myc-EAAC1 (n ϭ 2), or Myc-EAAC1(YVN-AAA) (n ϭ 2) was successfully immunoprecipitated, there was no evidence of transporter phosphorylation on tyrosine residues, with or without PDGF treatment, for any of the EAAC1 variants tested (data not shown). Next, immunoprecipitation with monoclonal antiphosphotyrosine from untransfected, Myc-EAAC1-transfected, or Myc-EAAC1(YVN-AAA)-transfected C6 cells was attempted, followed by immunoblotting with polyclonal anti-EAAC1 or anti-Myc antibody. Again, there were no immunoreactive transporter bands, with or without PDGF treatment, indicating that none of the transporters was pulled down with monoclonal anti-phosphotyrosine (n ϭ 4 for EAAC1, n ϭ 5 for Myc-EAAC1, n ϭ 5 for Myc-EAAC1(YVN-AAA); data not shown). As a positive control, in each experiment blots were stripped and reprobed with anti-PDGF receptor ␤ antibody. In samples treated with PDGF, a robust immunoreactive band at 190 kDa corresponding to phosphorylated PDGF receptor ␤ was observed, providing strong evidence that the monoclonal antiphosphotyrosine antibody was able to pull down phosphorylated protein.
EAAC1 Is Not Phosphorylated on Tyr Residues after PDGF Treatment-
In parallel, immunoprecipitation experiments from transfected C6 cells were carried out with polyclonal anti-phosphotyrosine antibody, and blots were probed with monoclonal anti-Myc. A faint immunoreactive band corresponding to Myc-EAAC1 was present in samples in which rabbit IgG antibody was used for immunoprecipitation as a negative control; therefore, there was a low level of Myc-EAAC1 that was immunoprecipitated nonspecifically. Sometimes this band was present in samples from Myc-EAAC1 transfected cells, in which polyclonal anti-phosphotyrosine antibody was used as the immunoprecipitation antibody (n ϭ 6, data not shown). However, this was not a consistent finding, and the signal was about the same intensity as that found in the IgG lane. In addition, this signal did not change with PDGF treatment and was not abolished in samples from Myc-EAAC1(YVN-AAA)-transfected cells. Therefore, polyclonal anti-phosphotyrosine was most likely immunoprecipitating a low level of transporter nonspecifically. Taken together, the results from the immunoprecipitation experiments strongly suggest that EAAC1 does not exhibit basal tyrosine phosphorylation, and PDGF treatment does not result in detectable tyrosine phosphorylation of EAAC1. In addition, these results argue against the hypothesis that phosphorylation of with Ala, the tyrosine residue was mutated to Phe because the phenylalanine structure more closely resembles that of tyrosine. C6 glioma were transfected with Myc-EAAC1 or Myc-tagged mutant transporters, and trafficking was assessed by biotinylation followed by Western analysis. The effects of PDGF on mutant transporters were again measured in parallel with the effect of PDGF on wild-type Myc-EAAC1. PDGF increased cell surface expression of Myc-EAAC1 to 125 Ϯ 7% of control (Fig. 5F) . Surprisingly, PDGF increased cell surface expression of each mutant transporter: Myc-EAAC1(Y502F), Myc-EAAC1(V503A), Myc-EAAC1(N504A), and Myc-EAAC1(VN-AA) (Fig. 5F) YVN, we determined whether mutating AA to VN in the EEEG backbone could rescue the response to PDGF (Fig. 6A) . The EEEG(2) construct was prepared using site-directed mutagenesis, and transporter trafficking was assessed by biotinylation and Western analysis. PDGF did not increase cell surface expression of EEEG(2) (95 Ϯ 9% of control; Fig. 6C ). Likewise, PDGF did not significantly increase cell surface expression of two mutants containing further substitutions of EAAC1 residues for GLT-1 residues in the EEEG backbone (EEEG(5) or EEEG (7)). However, when 10 amino acids were mutated in EEEG (EEEG(10)) so that the entire 12-amino acid motif of EAAC1 was now present in the carboxyl terminus of EEEG, PDGF significantly increased cell surface expression of the transporter (121 Ϯ 8% of control; Fig. 6 , B and C). Therefore, this motif identified in EAAC1, 502 YVNGGFS-VDKSD 513 , is sufficient to confer PDGF-stimulated trafficking to a nonresponsive transporter.
Although these studies suggest that this 12-amino acid motif may be sufficient to confer regulated trafficking to a nonresponsive transporter, we cannot rule out the possibility that other conserved motifs are also required. Therefore, we introduced these 12 residues onto the carboxyl terminus of an unrelated membrane protein, interleukin-2 receptor (Tac). The sequences of both cDNAs were verified by sequencing. Neither wild-type Tac nor the mutant Tac protein was detected by Western blot after transfection in C6 cells using an anti-Tac antibody. The amounts of cDNA (6 -10 g) and transfection times (18 -48 h) were varied, but no expression was observed. As a positive control, we verified that the Tac antibody recognized Tac after transfection in a cell line that tends to express robust amounts of protein (human embryonic kidney 293 cells). Therefore, at present it is not possible to determine whether this motif is sufficient to confer PDGF-dependent trafficking onto an unrelated protein using C6 glioma.
DISCUSSION
In the present study, we determined that PDGF had different effects on EAAC1 and GLT-1; PDGF increased cell surface expression of EAAC1, whereas it had no effect on subcellular localization of GLT-1. GLT-1 is responsible for the bulk of glutamate uptake throughout the cortex (for review, see Ref. 8) , whereas the relative contribution of EAAC1 to glutamate transport is higher in the hippocampus, where it may account for ϳ40% of glutamate uptake (12) . Another difference is the availability of a large intracellular pool of EAAC1 in neurons (13, 18) . EAAC1 may be uniquely positioned to play a more specialized role in glutamate uptake at excitatory synapses. For instance, Levenson et al. (2) found that induction of long-term potentiation was associated with translocation of EAAC1 from inside the cell to the cell surface and that contextual fear conditioning also increased glutamate uptake and EAAC1 expression at the plasma membrane. Interestingly, Beckmann et al. (26) reported in a recent abstract that adeno-associated viralmediated antisense knock-down of EAAC1 in rat hippocampus abolished long-term potentiation following high frequency stimulation. The contrasting effect of PDGF on EAAC1 and GLT-1 suggests that these two transporters can be regulated differentially, providing a mechanism to shift clearance of glutamate through these two different cell types (neurons and glia).
The glucose transporter GLUT4 undergoes a similar type of regulation in response to insulin in adipocytes (for review, see Ref. 27) . Various investigators have tried to identify GLUT4 domains important for this regulation. To date, there is no evidence of direct modification of residues within GLUT4 related to insulin-stimulated trafficking, whereas a number of studies have identified motifs important for targeting GLUT4 to a regulated pool. It appears that motifs within both the amino and carboxyl termini are important for GLUT4 trafficking, with the amino-terminal FQQI motif seemingly involved in sorting GLUT4 out of early endosomes (28, 29) and a dileucine motif possibly functioning with neighboring acidic residues to sort GLUT4 to the glucose storage compartment (29, 30) . Additional motifs within the carboxyl terminus have also been identified as important for retention in the glucose storage compartment (31). (7), or EEEG(10). 18 h later cells were treated with PDGF (20 ng/ml) for 15 min. After treatment, cell surface proteins were biotinylated and batch extracted with avidin beads at 4°C, as described under "Experimental Procedures." Cellular fractions were analyzed by Western blot. A, alignment of the residues within the carboxyl termini of GLT-1 and EAAC1. GLT-1 residues within the carboxyl terminus of EEEG were mutated to the corresponding residues within EAAC1. B, representative Western blot for EEEG(10) samples probed with GLT-1 and actin antibodies. C, summary of results of a minimum of four independent experiments (mean Ϯ S.E.). # p Ͻ 0.05 compared with cell surface expression of transporter in vehicle-treated cells (one-sample t test). The percentage of biotinylated actin in untreated controls is listed for each construct; it did not change with treatment. EEEG(2), 5 Ϯ 2%; EEEG(5), 4 Ϯ 1%; EEEG(7), 2 Ϯ 1%; EEEG(10), 0%.
Interestingly, the carboxyl terminus of EAAC1 was found to be necessary for transporter trafficking to the cell surface in response to PDGF receptor activation, as PDGF did not increase cell surface expression of the chimera, EEEG. In contrast, PDGF did increase cell surface expression of the reciprocal chimera, HA-GGGE. Although substitution with the carboxyl terminus of EAAC1 appeared to confer PDGF-stimulated trafficking to a normally nonresponsive transporter, GLT-1, it is possible that other conserved regions within GLT-1 may also be required.
At first we thought that perhaps the basal subcellular localization affected the responsiveness of the transporter to PDGF. Most of GLT-1 is expressed at the cell surface, whereas ϳ70% of EAAC1 is available intracellularly. Like GLT-1, chimeric transporters also displayed a higher percentage of transporters at the cell surface. However, even though ϳ78% of HA-GGGE was expressed at the cell surface in the basal state, intracellular transporters could still be mobilized in response to PDGF receptor activation. This led us to hypothesize that amino acid motifs present within the carboxyl terminus of EAAC1 were involved in PDGF-stimulated trafficking of the transporter.
Within the carboxyl terminus, we found that amino acids Asn 504 -Asp 513 were required for stimulated trafficking of EAAC1, as PDGF increased cell surface expression of Myc-EAAC1⌬10 but not Myc-EAAC1⌬20. These residues were also involved in PKC-induced trafficking because the effect of PMA on Myc-EAAC1⌬20 cell surface expression was significantly attenuated. We next identified a short amino acid motif, 502 YVN 504 , that is essential for PDGF-stimulated trafficking, as PDGF treatment had no effect on subcellular localization of Myc-EAAC1(YVN-AAA). Although they were not significantly different from the PDGF-induced increase in Myc-EAAC1, Myc-EAAC1(SVD-AAA) and Myc-EAAC1(KSD-AAA) both exhibited a trend toward an attenuated response to PDGF, indicating that in addition to 502 YVN 504 , other residues within the larger motif 502 YVNGGFSVDKSD 513 may also be involved in the PDGF-dependent regulation. In support of this, the entire motif, Tyr 502 -Asp 513 , was necessary to confer PDGF-induced trafficking to a nonresponsive transporter, EEEG. We next investigated whether the requirement for 502 YVN 504 was specific to PDGF-stimulated trafficking or whether the motif was more broadly involved in regulated trafficking. Interestingly, this motif also appears to be involved in PKC-induced trafficking because the PMA-stimulated increase in Myc-EAAC1(YVN-AAA) at the cell surface was significantly attenuated.
We next sought to determine whether individual residues within the 502 YVN 504 motif were required for PDGF-induced translocation of EAAC1. We found that mutating either Val 503 or Asn 504 individually to alanine, or mutating Val 503 -Asn 504 to Ala-Ala did not disrupt PDGFdependent trafficking. In addition, mutation of Tyr 502 to phenylalanine also did not disrupt PDGF-dependent trafficking of EAAC1. Therefore the minimal motif whereupon mutation to alanine disrupts PDGF-dependent trafficking is 502 YVN 504 . However, 502 YVN 504 is not the minimal motif sufficient to confer PDGF-dependent trafficking to the nonresponsive transporter, EEEG. All 12 amino acids of EAAC1, Tyr 502 -Asp 513 , are required in EEEG for the transporter to respond to PDGF. There are two ways in which this motif may be involved in PDGFstimulated trafficking of EAAC1. First, the residues may be directly modified by signaling molecules downstream of PDGF, leading to translocation of EAAC1. Second, this motif may be required for regulated trafficking by targeting EAAC1 to an intracellular, regulated pool. Recently, Fournier et al. (17) provided evidence that separate intracellular pools may support constitutive and regulated trafficking of EAAC1. In these experiments, constitutive recycling and regulated trafficking of EAAC1 displayed differential sensitivity to temperature. Lowering assay temperature to 18°C selectively inhibited the PDGF-or PMA-induced increase in cell surface EAAC1 but had no effect on constitutive recycling. This suggests that two factors may be required for regulation, the first being loading or sorting EAAC1 to a regulated pool and the second being a way in which this pool can be mobilized in response to these signals. The effects of PDGF and PMA are not additive (16) ; this is consistent with the possibility that both signaling pathways converge on the same finite pool of transporter available for redistribution.
Direct modification of 502 YVN 504 by phosphorylation was tested in immunoprecipitation experiments. There was no clear evidence of tyrosine phosphorylation of EAAC1 either before or after PDGF treatment, weakening the hypothesis that PDGF stimulates trafficking by a mechanism that depends on direct tyrosine phosphorylation. The results with polyclonal anti-phosphotyrosine were somewhat ambiguous, but we concluded that a specific association of the transporter with the phosphotyrosine antibody could not be detected. Taken together with the negative results using the monoclonal anti-phosphotyrosine antibody, EAAC1 does not appear to be phosphorylated on tyrosine residues in the basal state or after PDGF treatment. Therefore, it is unlikely that phosphorylation of Tyr 502 is required for PDGF-induced trafficking of EAAC1. In support of this, Tyr within 502 YVN 504 is conserved in GLT-1 (a transporter that does not respond to PDGF), whereas Val and Asn are not. Further, PDGF increased cell surface expression of Myc-EAAC1(Y502F), demonstrating that Tyr phosphorylation on Tyr 502 must not be required for PDGF-dependent regulation.
Another possibility is that the 12-amino acid motif functions to target EAAC1 to an intracellular, regulated pool. Within this motif, residues 502 YVN 504 were critical for the response of EAAC1 to PDGF. Although the amount of transporter at the cell surface in the basal state was equivalent for EAAC1, Myc-EAAC1, or Myc-EAAC1(YVN-AAA), indicating that the same amount of transporter was available in the cytosol, biotinylation only serves to separate cell surface proteins from intracellular proteins. It cannot be employed to differentiate among pools within the intracellular transporter population. In support of the targeting hypothesis, the effects of either PDGF or PMA were disrupted in both Myc-EAAC1⌬20 and Myc-EAAC1(YVN-AAA), providing evidence that these residues may be involved in directing EAAC1 to an intracellular, regulated pool. The effect of PDGF on cell surface expression was completely abolished, whereas the effect of PMA on cell surface expression was only attenuated. However, this is not overly surprising; a recent study indicates that PMA and PDGF may affect the kinetics of regulated trafficking of EAAC1 differently. Both PDGF and PMA appear to increase the rate of delivery of EAAC1 to the plasma membrane; however, in addition to the effects on delivery, PMA appears to decrease endocytosis of the transporter (17) . PMA stimulation results in a larger increase in cell surface expression of EAAC1 than PDGF does, which may possibly result from the dual effect of PMA on insertion and stabilization of EAAC1 at the plasma membrane. Also, different domains may be required for the effects of PMA on insertion versus plasma membrane stabilization of EAAC1. Thus, the effect of PMA on plasma membrane stabilization of the transporter may account for the partial effect of PMA on Myc-EAAC1(YVN-AAA). Therefore, it is possible that amino acids 502 YVN 504 are critical as part of a 12-amino acid motif functioning to target EAAC1 to an intracellular pool that can be regulated by either signaling molecule. Because mutation of the entire 502 YVN 504 motif is required to abolish PDGF-dependent trafficking, one possibility is that the motif acts as a binding site for protein-protein interactions that are required for targeting the transporter to a regulated pool.
Interestingly, the 12-amino acid motif is also present in a larger, previously identified motif, 501 KSYVNGGFAVD 511 . Cheng et al. (32) demonstrated that this motif is a sorting motif required for apical polarization of the human homolog of EAAC1, EAAT3, in Madin-Darby canine kidney cells and dendritic targeting in hippocampal neurons. Within this sorting motif, they found Val 504 -Asn 505 and Phe 508 -Ala 509 to be critical residues for apical polarization of EAAT3. The sorting motif overlaps with the Tyr 502 -Asp 513 motif identified in this paper as sufficient for PDGF-stimulated trafficking of a nonresponsive transporter. So, overlapping motifs within the cytoplasmic carboxyl-terminal tail appear important both for regulated trafficking of EAAC1 and constitutive sorting of EAAT3. In fact, these motifs may perform overlapping functions of apical localization and targeting to a regulated pool.
In summary, we found that the astroglial glutamate transporter, GLT-1, does not traffic to the cell surface in response to PDGF treatment. We also provided evidence that the cytoplasmic carboxyl terminus of EAAC1 is necessary for PDGF-dependent trafficking to the plasma membrane. In addition, we identified 502 YVNGGFSVDKSD 513 within the carboxyl terminus as necessary for regulated trafficking and sufficient to confer PDGF-stimulated trafficking to a nonresponsive transporter. Within this motif, residues 502 YVN 504 were critical for the regulation. We also provide strong evidence that phosphorylation of tyrosine within this motif is not required for PDGF-dependent redistribution of EAAC1. The involvement of this motif does not appear specific to PDGF-stimulated trafficking; rather, it may target the transporter to an intracellular pool, which can be regulated by activation of either PDGF receptor or PKC.
